One of the hallmarks of quantum physics is the generation of non-classical quantum states and superpositions, which has been demonstrated in several quantum systems, including ions, solidstate qubits and photons. However, only indirect demonstrations of non-classical states have been achieved in mechanical systems, despite the scientific appeal and technical utility of such a capability 1,2 , including in quantum sensing, computation and communication applications. This is due in part to the highly linear response of most mechanical systems, which makes quantum operations difficult, as well as their characteristically low frequencies, which hinder access to the quantum ground state 3-7 .
, where quantum behaviour is indistinguishable from classical motion. The recent advent of engineered quantum devices in the form of qubits has enabled full quantum control over some linear systems, in particular electromagnetic resonators 13, 14 . A number of experiments have demonstrated that qubits may provide similar control over mechanical degrees of freedom, including qubits coupled to bulk acoustic modes 3, 7, 18 , surface acoustic waves (SAWs) [19] [20] [21] and flexural modes in suspended beams [22] [23] [24] [25] . In addition, several experiments have studied entanglement between remote mechanical modes generated via heralding measurements 18, 26 and reservoir engineering 27 . Of particular note are experiments in which a superconducting qubit is coupled via a piezoelectric material to a microwave-frequency bulk acoustic mode 28 , where the ground state can be achieved at moderate cryogenic temperatures; such experiments include controlled vacuum Rabi swaps between the qubit and the mechanical mode 3, 7 . However, the level of quantum control and measurement has been limited by the difficulty in engineering a single mechanical mode with sufficient coupling and quantum state lifetime. More advanced operations, such as synthesizing arbitrary acoustic quantum states and measuring those states using Wigner tomography, remain a challenge. Here we report an important advance in the level of quantum control of a mechanical device, where we couple a superconducting qubit to a microwave-frequency SAW resonance, demonstrating ground-state operation, vacuum Rabi swaps between the qubit and the acoustic mode, and the synthesis of mechanical Fock states as well as a Fock state superposition. We map out the Wigner function for these mechanical states using qubit-based Wigner tomography. We note that a similar achievement has been recently reported in an experiment coupling a superconducting qubit to a bulk acoustic mode 29 .
The device that we use for this experiment is shown in Fig. 1 . The superconducting qubit is a frequency-tunable planar transmon 30, 31 , connected to the SAW device through a tunable inductor network that provides electronic control 32 of the coupling strength g 0 (see Supplementary Information) . Qubit rotations about the X and Y axes in the Bloch sphere representation are performed using pulses on the microwave (XY) line, and Z-axis rotations are achieved by application of a flux bias current on the frequency-control (Z) line. We measure the qubit state using a dispersively coupled readout resonator (see Supplementary Information). The superconducting qubit is fabricated on a sapphire substrate with standard techniques (see Supplementary Information). The SAW resonator is fabricated separately on a lithium niobate substrate, a strong piezoelectric material commonly used for SAW devices 8 . The SAW resonator comprises an interdigital transducer placed between two Bragg mirrors, designed to support a single SAW resonance in the mirror stop band 8 (see Supplementary Information). The SAW wavelength λ is set by the period of the metal lines that constitute the resonator; here, λ = 1 μm, which corresponds to a frequency of 4.0 GHz. At the experiment temperature, about 10 mK, both the SAWs and the qubit should be in their quantum ground states. The electromechanical properties of the SAW resonator are modelled using an equivalent electrical circuit with a complex, frequency-dependent acoustic admittance 8 Y a (ω) connected in parallel with an interdigital capacitance C t = 0.75 pF. The admittance includes the complete response of the SAW transducer and the interaction of the SAW with the mirrors. The strong electromechanical coupling coefficient of lithium niobate makes it feasible to strongly couple the SAW resonance to a standard transmon-style qubit (see Supplementary Information). The separate qubit and SAWresonator chips are connected together in a flip-chip assembly, in which the lithium niobate chip is inverted, aligned and affixed to the sapphire chip, and are separated vertically by about 7 μm (see Supplementary  Information) . Coupling between the two chips is achieved using two overlaid planar inductors, one on each chip. The coupling strength is controlled using a radio-frequency superconducting quantum interference device (SQUID) tunable coupler 32 , where an externally controlled flux bias Φ controls the path of the qubit current. We note that the flipchip technique used here enables a wide range of future hybrid combinations of different substrate types with superconducting or other types of qubits; as shown below, the coherence of the qubit in this experiment was not affected by this approach.
We use qubit measurements to evaluate the SAW resonator. The qubit itself has a lifetime of T 1 ≈ 20 μs and a Ramsey lifetime of T 2,Ramsey ≈ 2 μs over the frequency range 3.5-4.5 GHz, measured with the coupling g 0 set to zero (see Supplementary Information). Adjusting g 0 away from zero shortens the qubit lifetime and makes it strongly frequency-dependent, as the transducer converts electromagnetic energy from the qubit into acoustic waves. In Fig. 2 , we demonstrate this with |g 0 |/2π set to 2.3 ± 0.1 MHz (all uncertainties are one standard deviation), where acoustic loss is the dominant decay channel for the qubit. We measure the qubit lifetime T 1 as a function of qubit frequency, ω ge /2π, and use it to obtain the quality factor Q = ω ge T 1 and Letter reSeArCH the corresponding loss 1/Q. We compare our measurements to the results of a numerical model 8 based on the SAW resonator design with parameters fine-tuned to reproduce the frequency response observed in the qubit loss (see Supplementary Information). The SAW transducer itself can efficiently emit phonons over a wide range of frequencies, roughly from 3.8 GHz to 4.1 GHz, owing to its small number of finger pairs 8 (20 pairs). The SAW mirror reflects acoustic waves efficiently in the mirror stop band from 3.96 GHz to 4.04 GHz. The resultant interference frustrates the transducer emission except when a resonance condition is met, in this case at the single SAW resonance frequency of ω r /2π = 3.985 GHz. The resonator admittance near that resonance can be approximated by an equivalent resonant electrical circuit, which constitutes the Butterworth-van Dyke model 8 . Outside the mirror stop band, the mirror reflection decreases rapidly, and the transducer is free to emit travelling phonons. The qubit sees this as increased loss, especially from 3.85 GHz to 3.90 GHz, where the transducer is most efficient. The ripples in the out-of-band mirror reflection arise from the finite extent of each mirror (500 lines). These features are clearly displayed in the measured qubit loss. The qubit also weakly couples to unidentified resonances near 3.8 GHz. The SAW resonance at 3.985 GHz can resonantly and rapidly exchange energy with the qubit. In subsequent experiments, we avoid unwanted qubit loss by usually keeping the coupling small and only increasing it when deliberately interacting with the SAW resonance.
We now focus on the interaction between the single SAW resonance and the qubit. In Fig. 3a , we illustrate the full range of qubit coupling to the resonance, determined using spectroscopic measurements of the qubit. We observe a maximum coupling of |g 0 |/(2π) = 7.3 ± 0.1 MHz, which is equal to half of the avoided-crossing splitting. The ratio of the maximum to the minimum coupling strength is measured to be at least 300 (see Supplementary Information). Figure 3c shows timedomain Rabi swapping of a single excitation between the qubit and the mechanical mode, which represents a photon-phonon exchange in each half-oscillation. A resonant swap operation is executed by setting the qubit frequency to ω r and turning on the coupling for approximately 37 ns. The number and amplitude of the swaps is primarily limited by the resonator lifetime, T 1r .
We show the characterization results for the single-phonon properties of the resonator in Fig. 3c . We prepare a quantum state in the qubit, swap it into the resonator, wait for a delay time t, swap the state back into the qubit, and measure the qubit. The decay of the phonon is consistent with an energy lifetime of T 1r = 148 ± 1 ns and a dephasing time of T 2r = 293 ± 1 ns, where the ratio T 2r /T 1r ≈ 2 is consistent with little to no additional phase decoherence, as expected for a harmonic oscillator. The T 2r experiment involves generating a quantum superposition of the resonator phonon Fock states |0〉 and |1〉 by performing a Rabi swap from a qubit in the state
) 2 , where |g〉 and |e〉 are the qubit ground and excited states, respectively. The probabilities oscillate at the idle detuning frequency Δ/2π = 53 MHz, exhibiting interference between the resonator state and the qubit tomography pulses. 
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We attempt to create the higher Fock state |2〉 in the SAW resonator by exciting the qubit and swapping its excitation into the resonator two times. We show the result in Fig. 4 . The experiment is limited by the resonator lifetime T 1r , which is comparable to the duration of the pulse sequence used to generate |2〉, about 100 ns. We do observe higher-frequency oscillations in the initial interaction, as expected. The experimental result is in excellent agreement with a numerical master-equation model, which is fitted to the experiment by adjusting the initial qubit and resonator states. The resonator state is closest to |2〉 after an interaction time of τ = 26 ns. At that time, the resonator state calculated by the model is a statistical mixture of 47.3% |2〉, 38.2% |1〉 and 14.5% |0〉, with the unwanted lower states appearing owing to decay during state preparation.
We now characterize the quantum state of the resonator in greater detail. Verifying that the resonator is indeed in its ground state is an important step in evaluating its quantum behaviour. We examine the residual thermal populations in the qubit and resonator excited states, |e〉 and |1〉, respectively, using a Rabi population measurement technique 7, 33 (see Supplementary Information). Driven transitions between |e〉 and the second excited qubit state, |f〉, are used to quantify the |e〉 population by measuring the amplitudes of Rabi-like oscillations. The experimental results are shown in Fig. 5a , where we vary the amplitude of a microwave pulse that drives e-f transitions. In the left panel, we show the result of probing the ground-state population of the qubit; the large-amplitude oscillations show near-unity initial ground-state population. In the right panel, we probe the excited-state population, which is much smaller. We calculate the excited-state population from the amplitudes of these oscillations (see Supplementary Information) . When performing the experiment on the qubit alone, we observe an excited-state population of 0.0169 ± 0.0002. To assess the thermal population of the resonator, we first execute a resonant-swap operation, and then we conduct the experiment again. The swap exchanges the small excited-state populations in the resonator and the qubit. In this case, we observe an excited-state population of 0.0049 ± 0.0002, which we interpret as an upper bound on the excited-state population of the resonator 7 . The level of control achievable in this experiment allows us to controllably generate the resonator states |0〉, |1〉, | ⟩ | ⟩ + / ( 0 1 ) 2 and, to a lesser extent, |2〉. We prepare these resonator states deterministically, by exciting the qubit and transferring energy into the resonator with resonant swaps. We use Wigner tomography to determine the fidelities of these quantum states 13 (see Supplementary Information), examining the three lowest-energy states in detail. Following state preparation, we measure the Wigner function W(α) of the resonator by using the qubit to measure the parity of the resonator states at different complex displacements α in the resonator phase space (see Supplementary  Information) . The required displacements α are created by driving the resonator with a resonant Gaussian microwave pulse applied to a control line (see Fig. 1c ). During the pulse, the coupling is turned off, and the qubit is detuned above the resonator by Δ/2π = 400 MHz.
With the qubit initially in its ground state |g〉, we allow the qubit and resonator to resonantly interact for a time τ, and then we measure the qubit. An example is shown in Fig. 5b . The plot of the qubit state as a function of delay τ contains information about the displaced-resonator state. We fit the experimental results with a numerical master-equation model to deduce the phonon number (n) distribution of the displaced resonator, P n . We then calculate the Wigner function, which is proportional to the phonon number parity 13 (see Supplementary Information). We repeat the experiment for many values of α to map out the Wigner function. The results are displayed in Fig. 5d , along with the prediction of the numerical model using the same pulse sequence. The value of each pixel is determined independently. We then convert each experimental W(α) into a density matrix ρ (see Supplementary Information). , measured with the qubit biased at frequency ω r + Δ and driven with a 500-ns-long pulse at frequency ν. Each pixel represents 1,000 repeated measurements. b, Results of Rabi-swap experiment. The qubit is excited to |e〉, and then it is biased to frequency ω r + Δ while the coupling strength is maximized. The qubit and resonator interact for a time τ, and the qubit state is then measured. We plot the probability P e versus the detuning Δ and the interaction time τ. Each pixel represents 3,000 repeated measurements. c, Results of single-phonon experiments using the pulse sequence shown in the inset. Top, measurement of the resonator lifetime, T 1r . The qubit is excited to |e〉 and that excitation is swapped into the resonator. Following a delay time t, the state is swapped back into the qubit, and the qubit is measured. Each data point represents 10,000 repetitions. Bottom, measurement of the dephasing time, T 2r . The qubit is excited to | − | / g ie ( ) 2 , which is swapped into the resonator; after a delay time t the state is swapped back into the qubit. We then conduct qubit tomography, using a second qubit pulse (blue, X π/2 ; red, Y π/2 ; see Supplementary Information) followed by the qubit measurement. Each data point represents 20,000 repetitions. The inset shows the pulse sequence used in the experiment: the qubit is excited to |e〉, which is swapped into the resonator; the qubit is again excited to |e〉, and then it interacts with the resonator for time τ. Each point represents 3,000 repetitions. b, The phonon number probability distribution, P n , calculated by the model at the time indicated by the red dashed line in a (τ = 26 ns).
From the density matrices, we calculate the quantum state fidelities to the ideal states |ψ〉,
. We obtain F = 0.985 ± 0.005 for |0〉, F = 0.858 ± 0.007 for |0〉 and F = 0.945 ± 0.006 for | ⟩ | ⟩ + / ( 0 1 ) 2. The numerical model predicts similar fidelities: F = 0.998, 0.879 and 0.962, respectively. These experiments would benefit from a longer phonon lifetime T 1r and larger coupling strength.
In conclusion, we demonstrate high-fidelity, on-demand synthesis of quantum states in a macroscale mechanical resonator and characterize them with Wigner tomography. The primary limitation in these experiments is the phonon lifetime in combination with the maximum coupling strength. These could be improved substantially in future work, for example, with design and material changes in the mechanical resonator and adjustments to the coupling circuit. Our demonstration involves a hybrid architecture incorporating a high-performance qubit with strong tunable coupling to SAWs. This scalable platform holds promise for future quantum acoustics experiments coupling stationary qubits to 'flying' qubits based on phonons. The technologies demonstrated here may also enable a wide range of experiments coupling superconducting circuits to diverse quantum systems, such as semiconductor spin systems.
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The datasets supporting this work are available from the corresponding author on request. Information) . The sequences used to probe the ground-state (left; 10,000 repetitions per data point) and excited-state (right; 200,000 repetitions per point) populations are applied to the equilibrium qubit state (blue) and the qubit after swapping with the resonator (red) 7 . The e-f pulse amplitude is normalized to the amplitude that swaps |e〉 and |f〉, and a negative pulse amplitude means that the pulse phase is π. b, Example Wigner tomography result showing the evolution of the qubit as it interacts with a displacedresonator |1〉 state (black points). The red line is a fit (see c). The inset shows the synthesis of the mechanical state, which-for states other than the ground state-is indicated by the sequence in parantheses, and the pulse sequence used in Wigner tomography. The resonator state is displaced with coherent amplitude −α. The qubit interacts with the displaced resonator state for a time τ before it is measured. Each point represents 3,000 repetitions. c, Example fit of the phonon number distribution P n (statistical uncertainty, 0.004) obtained from the experimental results shown in b. d, Wigner functions W(α) of the SAW resonator quantum states. Top, experimental results; the | ⟩ | ⟩ + / ( 0 1 ) 2 Wigner function is rotated by 90° to compensate for relative phase accumulation during the pulse sequence 13 . Each pixel represents 255,000 repetitions. Bottom, result of the numerical model.
